An ab initio study of the addition of successive water molecules to the amino acid l-alanine in both the nonionized (N) and zwitterionic (Z) forms are presented. The main focus is the number of waters needed to stabilize the Z form and how the solvent affects conformational preference. The solvent is modeled by ab initio electronic structure theory, the EFP (effective fragment potential) model, and the isotropic dielectric PCM (polarizable continuum method) bulk solvation techniques. The EFP discrete solvation model is used with a Monte Carlo algorithm to sample the configuration space to find the global minimum. Bridging structures are predicted to be the lowest energy Z minima after 3−5 discrete waters are included in the calculations, depending on the level of theory. Second-order perturbation theory and PCM stabilize the Z structures by ∼3−6 and 7 kcal/mol, respectively, relative to the N global minimum through the addition of up to 8 waters.
Introduction
Alanine is one of the 20 amino acids that are the naturally occurring, basic building blocks of proteins. A basic understanding of phenomena associated with alanine and other amino acids is essential to understanding the complexity of protein folding and protein interactions and reactivity. Modeling of alanine in solution is useful for exploring the flexibility of small amino acids, so both glycine and alanine have been extensively studied, both experimentally and theoretically. Amino acids in the gas phase are predominantly in the nonionized (N) form; however, when placed in aqueous solution the zwitterionic (Z) form is generally more stable. [1] [2] [3] [4] 17, 39, 43 The study of amino acid solvation can employ various methods, both discrete (explicit) and continuum (implicit). Previous studies that used continuum models treated the solvent as a polarizable medium. The most commonly employed continuum methods are based on the polarizable continuum method (PCM), [46] [47] [48] [49] self-consistent reaction field (SCRF) or Onsager cavity model, 50 solvation model 8 (SM8), 51 COSMO, 52 GCOSMO, 53 and solvation with volume polarization (SVP). 54 Advantages of the continuum approach are computational efficiency, simplicity of the calculations, and prediction of bulk properties with reasonable accuracy. However, these methods are sensitive to the parametrization of the size and shape of the cavity that surrounds the solute. Further, continuum models do not always describe important solute-solvent electronic effects well. The continuum models cannot describe systems that form hydrogen bonds between solute and solvent accurately, since they do not include explicit solvent-solute interactions. The discrete methods account for intermolecular solute-solvent interactions. Common implementations include ab initio quantum mechanics (QM), which rapidly becomes too computationally demanding with increasing numbers of solvent molecules, and hybrid quantum mechanics/molecular mechanics (QM/MM) methods. QM/MM methods reduce the computational demands by orders of magnitude.
One complication that arises when using discrete solvents is the rapidly increasing number of geometric degrees of freedom and the even more rapidly increasing number of configurations that may be important in configuration space. A molecular dynamics (MD) or Monte Carlo (MC) method must be used to adequately sample and accurately capture the full configuration space.
A promising QM/MM method is the effective fragment potential (EFP) approach. [55] [56] [57] [58] [59] [60] The original, Hartree-Fock based, EFP1 method was designed specifically for water and is represented by a set of one-electron potentials that are added to the ab initio electronic Hamiltonian. The EFP1 method contains three energy terms: Coulomb, induction/polarization, and a remainder term that includes exchange repulsion and charge transfer for both solvent-solvent and solute-solvent interactions.
The Coulomb portion of the electrostatic interaction is obtained using Stone's distributed multipolar analysis, 60b truncated at the octopole term. Atom centers and the bond midpoints are used as expansion points.
Induction (polarization) is the interaction of an induced dipole on one fragment with the permanent dipole on another fragment, expressed in terms of the dipole polarizability. The efficacy of truncating the polarizability expansion at the first (dipole) term is due to the EFP treatment of this term in a distributed manner. The molecular polarizability is expressed as a tensor sum of localized molecular orbital (LMO) polarizabilities. Therefore, the number of bonds and lone pairs in the molecule gives the number of polarizability points. Iterating the dipole-induced dipole interaction to self-consistency captures many body effects.
Charge penetration (damping of the Coulomb term) is included in order to account for short-range quantum effects that are not accounted for by the classical multipolar expansion. The first two EFP terms are determined based on QM calculations on the water monomer. The third term is fit to a quantum mechanical water dimer potential. Three EFP1 methods have been derived, based on Hartree-Fock (EFP1/HF), density functional theory (EFP1/DFT), 61 which includes short-range correlation effects, and second order Møller-Plesset perturbation theory (EFP1/MP2), 62 which includes dispersion effects (a fourth term) and a second order correction to the Coulomb and polarization terms. EFP1/MP2 is currently only available for solvent-solvent, not solvent-solute, interactions. A general effective fragment potential model (EFP2) that contains no empirically fitted parameters has also been developed. 55-57 An EFP2 can therefore be generated for any molecular species. In addition to the Coulomb plus damping and polarization/ induction terms described above for EFP1, the EFP2 model 63 includes interaction terms that describe exchange repulsion, dispersion, 64 and charge transfer, 65 each of which have been derived from first principles. The EFP2 method has been described in detail in a recent review. 63 Both EFP1 and EFP2 have been used in the present study.
Some three-layer approaches have been developed that combine the discrete and continuum approaches. 21 These methods may reduce the number of explicit solvent molecules required (and thus the computational cost) and may facilitate an accurate description of long-range interactions.
Interactions between amino acids and water molecules are of considerable interest, particularly with regard to structures and vibrational spectra. Depending on the pH, amino acids may be N, Z, anionic, or cationic. The intermolecular hydrogen bonding interaction that occurs in water leads to a considerably larger stability of the Z form compared to the N form. Consequently, the experimental free energy and enthalpy for the process Z (aq) f N (aq) are 7.3 and 10.3 kcal/mol, respectively, for glycine. 66 The corresponding experimental values for alanine do not appear to be available; however, they are likely to be similar to the glycine values.
Most previous studies of the Z/N equilibrium in amino acids have focused on glycine, 1-27 the simplest amino acid. The present study addresses similar questions with regard to relative energies and structures for alanine. Alanine (Figures 1-3) is the simplest amino acid to exhibit chirality because of its substituent methyl group. The crystal structure of alanine exhibits the zwitterion.
67,68
This structure is often used as a basis for the aqueous solvated geometry as it is generally accepted that for small aqueous proteins crystallization gives rise to just a small perturbation of the solution structure. [69] [70] [71] This stems mainly from the success of subsequent experimentation based on data from crystal structures. It should be noted that this observation implies that the Z structure is most likely dominant in aqueous solution, but not necessarily the same Z conformation that is observed in crystalline form.
Previous Glycine Studies. The earliest computational studies of amino acids focused on the relative energies of the N and Z structures of glycine in the gas phase [1] [2] [3] and in solution. 4 There are three internal rotational degrees of freedom for N glycine: rotation about the C-C bond, rotation of the hydroxyl group about the C-O bond, and rotation of the amino group about the C-N bond. Initial studies focused on C s and C 1 stationary points on the conformational potential energy surface of gas phase N glycine. 5, 6 If one uses a basis set that includes polarization functions on all atoms, the Z form is not a minimum on the glycine potential energy surface. 7 The lowest energy N species has a structure that is well positioned to accommodate an intermolecular proton transfer. 9, 13 Consequently, in the gas phase the Z form undergoes proton transfer to yield the N structure.
In order to establish the Z as a local minimum on the potential energy surface, electrostatic stabilization in the form of aqueous solvation must be included in the computation. Continuum methods combined with HF, DFT, and MP2 have predicted that the electrostatic solute-solvent interactions stabilize the Z form, so that the zwitterions does not undergo spontaneous hydrogen transfer. [8] [9] [10] [11] [12] [13] [14] [15] Discrete solvent studies of glycine have primarily focused on a small number of water molecules. The recent paper by Aikens and Gordon presents an extensive review of these calculations. 17 A single water molecule will cause the Z isomer of glycine to become a local minimum at the RHF level of theory; however, when correlation is introduced, for example with MP2, this local minimum disappears. It appears to be necessary to have two explicit waters present in order to maintain a local Z minimum at the MP2 level of theory. 18 A continuation of the discrete method to a full solvent shell greatly increases the number of degrees of freedom in coordinate space. Thus, the number of local minima would increase to the point at which an automated sampling technique, such as Monte Carlo (MC) or molecular dynamics (MD) simulations, must be employed to efficiently sample this space. Alternatively, a threelayered approach has been used to reduce the number of discrete waters needed by including a continuum that surrounds the entire atomistic system. These methods may reduce the computational effort. However the long-range interactions may not achieve the desired accuracy. [15] [16] [17] 20, 21 Supermolecular complexes have also been studied using DFT/ B3LYP 21 and the composite DFT/B3LYP + Onsager 36 model, but these authors do not discuss configurational sampling. In a separate effort, MC simulations with a molecular mechanics force field were employed to sample the configuration space, with the structures subsequently optimized with semiempirical QM methods. 19 This study found that the Z form is more stable than the N form when 7 and 15 waters are present in a selfconsistent reaction field. Bandyopadhyay et al. considered the glycine(H 2 O) 8 complex using three-layer models that combined the effective fragment potential with either the Onsager or PCM models. 16, 21 In the first study, eight water molecules in the solvent shell were selected from a previous molecular dynamics calculation, and this structure was optimized. 21 In the second study, Monte Carlo simulations with local minimizations were used in order to find a low energy configuration. 16 Cui used a similar approach in order to examine the affects of TIP3P waters. 20 Using the three-layer approach, the Z form is predicted to be more stable than the N species when a reliable continuum method 21 29 and coupled cluster with single and double excitations (CCSD). 31 The Z form was found to be a local minimum with B3LYP and MP2. Continuum studies using PCM and DFT/B3LYP predict the Z isomer to be lower in energy than the N species. 28 MC simulations and generalized Born (GB) studies of the Z conformation with 212 explicit waters predict a nearly planar NCCOO moiety 32 for which the barrier to rotation of the COO is 5.9 kcal/mol and the NH 3 + rotation barrier is less than 1 kcal/ mol. The experimental observations show free NH 3 + rotation of glycine in spectroscopy of water-amino acid microjets. 33 Discrete solvation with a small number of waters has also been explored. The N(H 2 O) complex has been explored with DFT/B3LYP, using the 6-311++G(d,p) basis set. 34 Kwon et al. found large barriers to proton transfer from N to Z, but a 0.85 kcal/mol barrier with MP2 for the reverse process when two waters are present. The transition state for this process lies near the Z isomer on the potential energy surface. 35 Ahn et al.
explored the one and two water complexes and found a concerted double proton transfer for the two water case with B3LYP and MP2. 36 Park et al. determined a 5.89 kcal/mol barrier for a concerted triple proton transfer mechanism using MP2/6-31++G(d,p) with three water molecules present to connect the local minima of the Z and N isomers. 37 Xu et al. showed that alanine in the presence of 7-9 waters has high electron binding energy spectral trails, which implies that the Z species has been formed by the addition of 7 waters. 38 Chuchev et al. used DFT/B3LYP and MD to systematically study the preference for Z versus N for 1-10 waters and proposed that the conversion to the Z form occurs in the range of 6-8 waters. 39 Ellzy computed structures of alanine with four waters and compared them to vibrational circular dichroism data. 40 Ellzy's lowest energy structure is not the global minimum found by Chuchev. However, agreement with vibrational circular dichroism does imply that there is a population of an approximately energetically degenerate state near the minimum. This suggests that Boltzmann averaging may be useful in interpreting computational data. 40 Use of continuum models in a three-layer approach employing the Onsager reaction field and DFT/B3LYP waters 41, 42 concluded that 9 waters was not a complete solvent shell. Explicit hydration around the methyl group was not observed when the continuum was employed, and the explicit water model did not reproduce the experimental vibrational absorption spectrum. A large number of discrete TIP3P waters has also been used with MD to examine alanine. This study concluded that a large number of water molecules is needed to make solvation of the methyl group energetically favorable. 43 These simulations contained 300 rigid water molecules and exhibited a smaller probability of water density near the methyl group. Dixit et al. examined the free energies of hydration of amino acids. They predicted that the pK a of glycine and alanine are similar to each other, based on a simple electrostatic model used to calculate the pK a shifts. This suggest that the ∆H vap of alanine may be similar to that of glycine (∆H ) 10.2 kcal/mol). 44 The present work examines the crossover from the N to the Z form of alanine as the number of water molecules is increased. MC with simulated annealing was employed to find local minima and to attempt to determine the global minimum. Quantitatively, it is of interest to determine how many water molecules are necessary to converge the Z-N alanine energy difference in aqueous solution. Both discrete and continuum solvent models have been used to elucidate the effectiveness of both approaches.
Computational Methods
The two major forms of alanine explored here are the N (Figures 1 and 2 ) and Z ( Figure 3 ) isomers. Starting structures for alanine were obtained from the crystal structure 67,68 with additional structures exploring torsions about the COO -, COOH and NH 3 + , NH 2 (Z,N) units, as well as the chirality about the R carbon. Other starting N structures allowed for rotation of the OH bond away from or toward the NH 2 or CH 3 group, depending on the torsion of the COOH group. The initial gas phase results for both chiral forms of N alanine (L, D) were obtained with restricted Hartree-Fock 72 (RHF) and Møller-Plesset second order perturbation theory 73 (MP2) using the 6-31++G(d,p) basis set. [74] [75] [76] In order for the Z structures to be stable with no discrete water molecules present, a continuum solvent model, such as PCM, must be used. The PCM uses van der Waals radii for cavity generation (see www.msg.chem.
iasate.edu for details). Therefore, the Z structures were found using RHF in PCM (RHF+PCM), employing the 6-31++G(d,p) basis set. The N structures were also reoptimized using RHF+PCM/6-31++G (d,p) . A MP2+PCM single point was run at the RHF+PCM structure for both the N and Z forms.
Once the gas phase (plus PCM for Z) structures were determined, a discrete approach was employed to examine the effect of systematically adding waters. First, alanine(H 2 O) n, n ) 1-3, clusters were optimized at the RHF and MP2 levels of theory with the 6-31++G(d,p) basis set. The 1-3 waters were added manually in chemically sensible orientations. Each water molecule was modeled by both ab initio QM and EFP1/HF when using HF for alanine, and by EFP1/DFT water when using MP2 to describe alanine. Optimizations with both water and alanine treated as MP2 allowed the testing of possible hydrogen transfer.
For larger numbers of waters, manually choosing their placement is not efficient or effective, so the Monte Carlo 77, 78 method with simulated annealing (SA) was used to sample configuration space. The MC simulations were carried out using EFP2 for both the solute and the solvent. The molecular structures used to create the EFP2s were taken from RHF+PCM calculations. All eight forms of L-alanine were explored along with ALA1D and ALA2D. For the Z form, the L enantiomer was considered, as well as three Z rotamers (45 and 90°rotation of the COO -group about the C-C bond, 60°rotation of NH 3 + about the N-C bond). The MC/SA method with local minimization was used to sample the configuration space. For each global minimum found, the number of structures sampled was on the order of 400 000-1 000 000. A local minimization was performed every 10 or 100 steps, and the number of steps taken for each temperature was varied (e.g., 100, 500, 1000, 10 000). The number of fragments moved per step was also varied in the calculations. With six or more discrete solvent molecules present, one to five fragments were moved during each successive step. The starting temperature for the simulated annealing runs varied from 300 to 20 000 K and the final temperature was kept at 200 K. The MC/SA code was also used to verify the minima found for one to three waters. Both approaches found the same structures (except when MP2 predicted proton transfer) through three solvent molecules, at which point the MC technique was deemed effective and used exclusively.
The 20 lowest unique minima were selected for further investigation for each rotamer of alanine explored with n waters. Optimizations and Hessians (matrices of energy second derivatives) were calculated at the EFP2 level of theory. Further, these structures were evaluated by MP2 optimizations and Hessians to assess the accuracy of EFP2. Single point calculations were performed using QM alanine with water represented by (EFP1/ HF) or (EFP1/DFT). EFP1 employs a set of potentials that are added to the one-electron part of the QM electronic Hamiltonian.
The notation employed to indicate the type of methods used for the single point energies is alanine(water)//geometry. For example, HF(EFP1/HF)//EFP2 represents a single point energy calculation with the alanine treated as RHF and the water as EFP1/HF calculated using an EFP2 geometry. Single point energies were calculated using HF(EFP1/HF)//EFP2, DFT(EFP1/ DFT)//EFP2 using the B3LYP functional, 79 MP2(EFP1/DFT)// EFP2, and MP2(MP2)//EFP2. Optimizations starting at the EFP2 geometries used MP2(EFP1/DFT), where alanine is MP2 and the water is (EFP1/DFT). Another set of single points were run using MP2(MP2)//MP2(EFP1/DFT), where the both the alanine and the water were treated as MP2. Single points including C-PCM+MP2 were run at the EFP2 and MP2(EFP1/DFT) optimized geometries. All calculations were performed with the electronic structure code GAMESS, 80 which is freely available from Iowa State University at http://www.msg.chem.iastate.edu/. Structures were visualized with MacMolPlot, 81 a graphical interface to GAMESS that is available at the same Web site. L-Alanine is the biologically active form of the molecule, so it is the primary focus of the present study. No significant difference in energy due to chirality was found, as can be seen in Table 1 . The origin of the HF and MP2 relative energy differences for the ALA8L and ALA8D isomers (Table 1) stems from a small difference in the methyl orientation relative to the N-C-C-O plane. While most of the data reported relates to L-alanine, the N species of D-alanine with 3-8 waters was also studied. Table 2 shows that with PCM+MP2 the L versus D energy differences are within ∼1 kcal/mol. These differences may be the result of incomplete sampling of the D-alanine configuration space, because only two D-alanine conformers were used, and the number of energy evaluations was not as large.
Continuum Calculations. The HF+PCM continuum method predicts that the Z form is lower in energy than the N species; however, this difference is only 0.8 kcal/mol. While the HF energy difference is qualitatively correct, the importance of including electron correlation has been demonstrated in previous studies. 5, 9 A MP2+PCM single point calculation predicts the Z form to be 1.8 kcal/mol lower in energy. Thus, MP2 provides an additional 1 kcal/mol stabilization of the Z form relative to the N form. MP2 may alter the energy gradient, and consequently, the geometry, as well. Furthermore, the strengths of the hydrogen bonds formed between the solvent molecules and the N and Z isomers differ, and the continuum solvent may not fully capture this differential effect. A combined discrete+ continuum approach might result in a faster convergence of the Z-N energy difference.
In the following subsections, the impact of an increasing number of waters on the N-Z equilibrium and the detailed structures is examined. These structures are presented in Figures  4-12. The ordering of the structures in these figures is determined by the relative energies of the MP2+PCM calculations, since MP2+PCM is considered to be the highest level of theory in this work.
Alanine(H 2 O) 1-2 (Figures 4 and 5).
Water may interact with a given alanine conformer at the carboxyl group, the amine group, or the saturated carbon. With one and two waters, in the majority of the low energy N (N1-1, N2-1) structures, the water molecules interact predominately with the carboxyl group as noted previously. 17, 82 The lowest energy Z form, Z1-1, has a water bridge between the COO -and NH 3 + groups, even in the one water case, as shown in Figure 4 .
At the HF level of theory, for both one and two water molecules, the Z form corresponds to a local minimum on the alanine-(H 2 O) n potential energy surface; however, when electron correlation is added via MP2, the Z structures collapse via a proton transfer from the NH 3 + to the COO -group to form the N structure. MP2 optimizations of the N form do not significantly change the ordering of the sampled structures. There is some relaxation of the alanine structure from a frozen EFP2 geometry when the geometry is allowed to optimize with MP2(EFP1/DFT). However, on average this does not create a significant change in the energy relative to the global minimum (∼0.3 kcal/mol for the N conformer). N1-1 (Figure 4 ) is predicted to be the global minimum by 2.1 kcal/mol with one water and N2-1 ( Figure 5 ) by 1.8 kcal/mol for two waters.
MP2 stabilizes the Z form relative to the N form, and MP2(EFP1/DFT) reoptimization further stabilizes the Z form. However, with 1-2 waters the Z form is predicted to be 8-10 kcal/mol higher in energy unless a continuum is also included. Note that for both one and two waters, the Z form would collapse to the N form if the entire structure were fully optimized using MP2 without a continuum. Figure 6 ). For the N form, water binds in three distinct ways: separated, chain, and carboxyl cluster. The separated arrangement in N3-1 has two waters bound to the carboxyl group that form a cyclic structure, while the third water binds to the amine group and does not form hydrogen bonds to the other two waters. The arrangement in N3-2 is a chain of hydrogen bonded waters connecting the carboxyl and amine groups. The carboxyl cluster arrangement is illustrated by N3-3 and N3-4. These carboxyl clusters, which resemble small water clusters, are energetically favorable except when including a continuum solvent.
Alanine(H 2 O) 3 (
At the MP2 level of theory (for both alanine and water), the lowest energy Z isomer is now stable and does not undergo spontaneous proton transfer. Since the Z isomer is a local minimum on the potential energy surface when three waters are present, the geometry obtained with the EFP2 model potential (which cannot treat proton transfers) should be qualitatively correct. In the lowest energy Z form, Z3-1, two of the waters interact directly with the carboxyl group, while the third water hydrogen bonds to the first two waters and the amino group. This third water is partially obscured by an oxygen in the lower right corner of Z3-1. The Z3-1 isomer is the global minimum only when both PCM and MP2 are included in the calculation. The higher energy Z species Z3-2 is lower in energy until both PCM and MP2 are included.
Alanine(H 2 O) 4 ( Figure 7) . For four or more waters, the global minimum structure is determined exclusively using MC simulations, because of the large number of configurations that are required to properly sample the configuration space. For four waters, all methods that do not include PCM predict the lowest energy structure to be the neutral species N4-4. This isomer resembles the water hexamer "prism" structure, in which the two oxygen atoms in the COOH group act as two of the six centers. When PCM and MP2 are both included in the calculation, N4-1, similar in structure to the water hexamer "bag" structure, is found to be the lowest energy N structure, and the global minimum is now Z4-1. At the RHF/6-31++G(d,p) level of theory, Z4-1 is predicted to be 13.5 kcal/ mol higher in energy than N4-4. The inclusion of dynamic electron correlation via MP2 at the same EFP2 geometry changes the energy difference to 8.7 kcal/mol. PCM+MP2// MP2(H2ODFT) single point energy calculations predict that Z4-1 is 1.8 kcal/mol lower in energy than N4-1 and 10.5 kcal/ mol lower in energy than N4-4.
Alanine(H 2 O) 5 (Figure 8).
In the majority of the N isomers with five water molecules present, one water molecule interacts with N alanine near the amine, while most of the waters interact via carboxyl clustering. N5-3 is an example of a structure in which the water interacts exclusively with the carboxyl group. As the level of theory is improved, there are noticeable changes in the energy ordering of the lowest energy isomers. This is especially true when both PCM and MP2 are included in the calculation with the MP2(EFP1/DFT) geometry. At this highest level of theory, Z5-1 is the global minimum, and Z5-2 (3.9 kcal/ mol higher in energy than Z5-1) is also lower in energy than any N isomer. In these two Z isomers, the water molecules interact strongly with both alanine charge centers, NH 3 + and COO -. This leads to the formation of water bridges that connect the two charge centers, as noticed previously for glycine. 17 The lowest energy neutral species, N5-1, has a chain of waters that connects the amino group with the carboxyl group, whereas the five waters cluster around the carboxyl group in N5-4. For five waters, all methods that include only discrete solvent molecules (no PCM) still predict the N form to be the global minimum.
Alanine(H 2 O) 6 (Figure 9 ). The pattern that emerged for four and five water molecules continues for six waters. In calculations that do not include PCM, the lowest energy species is still an N isomer, although the energy difference between the lowest energy N and Z isomers decreases as the number of waters increases. For example, at the MP2 (EFP1/DFT)6-31++G(d,p) level of theory, N6-4 is only 0.9 kcal/mol lower in energy than Z6-2. As noted above, when both MP2 and PCM are included in the calculation, there is a dramatic reordering of relative energies with the global minimum now being Z6-1, followed in energy by Z6-2 < N6-1 < N6-2. The two lowest energy Z isomers, Z6-1 and Z6-2, exhibit bridging chains that connect the two charge centers. The addition of PCM greatly stabilizes Z6-1 relative to Z6-2, while MP2 has only a small effect.
Alanine(H 2 O) 7 ( Figure 10 ). Some dramatic changes emerge for n ) 7. At this point, all levels of theory except HF predict that the lowest energy structure is a zwitterion, even without the continuum present. PCM does stabilize Z7-1 relative to Z7-2 by about 5 kcal/mol, but Z7-1 is still the global minimum before the addition of PCM to the calculation. Interestingly, once electron correlation has been incorporated via MP2, the subsequent addition of PCM lowers the energy of the four N species shown in Figure 10 relative to Z7-1. This global minimum exhibits a chain of water molecules that connects the COO -group with the NH 3 + group. In the lowest energy N isomer, N7-1, the seven water molecules are mostly clustered around the carboxyl group. The higher energy (by 4.4 kcal/ mol) N7-3 species exhibits a greater propensity for waters to move near the amino group.
Alanine(H 2 O) 8 (Figure 11 ). The two lowest energy eightwater zwitterions are Z8-1 and Z8-2, with the former being lower in energy than the latter by 2.4 kcal/mol. These are the two lowest energy structures of the six (including four N isomers) shown in Figure 11 . In the four N structures, the carboxyl clustering motif dominates with some small water density near the amino group. There is a trend thus far for the N structures to resemble small water clusters in which the carboxyl group tends to play the role of two waters in an extended water cluster. The lowest energy N minima consequently appear to be very similar to the global minima of small water clusters. This tendency is more apparent when the PCM contribution is omitted, in which case the preferred structures have the explicit water molecules saturating the hydrogen bonding amine and carboxyl groups. For 5-8 water molecules, the waters tend to form clusters among themselves, most likely due to stronger water-water hydrogen bonds. In the Z isomers, the presence of local charges strengthens the water-alanine interactions, and the waters form bridges or chains that connect the positive and negative charge centers. Up to eight water molecules, the waters have largely avoided the methyl group.
In the following paragraphs, the numbers of water molecules included in the calculation are increased in units of eight waters in an attempt to approach "complete" solvation of alanine.
Alanine(H 2 O) 16 (Figure 12 ). When 16 waters are present, Z16-1 is predicted to be the global minimum at all levels of theory, and all four N isomers shown in Figure 12 are higher in energy than the two lowest energy Z isomers. In the lowest energy Z structures, the water molecules are well distributed along the COO s NH 3 + corridor, but they mostly avoid the hydrocarbon moiety. In the N structures, carboxyl clustering again dominates in all structures shown in Figure 12 , suggesting that, as noted above, the water-water hydrogen bonding interaction is dominant. The Z form clearly causes more reorganization of the water than the N form when compared to pure water clusters. For the sixteen water case, it appears that the MP2(EFP1/DFT) optimization has a large effect, as seen in the relative energies of Z16-1 and N16-1, 3.8 kcal/mol at EFP2 geometries using MP2(EFP1/DFT) single point energies. When the geometries are reoptimized with MP2(EFP1/DFT)/6-31++G(d,p), this relative energy increases to 15.6 kcal/mol. Single point calculations at the MP2(EFP1/DFT)/6-31++G(d,p) geometry, including PCM, lowers the energy of N relative to Z to 5.2 kcal/mol. These large relative energy changes occur for all of the structures shown in Figure 12 . However, the two Z isomers are the lowest-energy 16-water species and N16-1 is the lowest energy N isomer at all levels of theory.
Alanine(H 2 O) 24 ( Figure 13 ). For most of the 24-water Z isomers, the water molecules form a concave shape in which the alanine is embedded, although not fully solvated. The N isomers have the appearance of a water droplet in which the alanine is integrated into the surface of the cluster, with both the amine and carboxyl groups participating in hydrogen bonds with the water cluster. The water clusters in the N isomers contain many identifiable 5-and 6-member ring structures, suggesting that the water molecules are still preferentially hydrogen bonding with each other. All levels of theory predict Z24-1 to be the global minimum. The energy separation between Z24-1 and N24-1 is 4.8, 0.4, and 0.9 kcal/mol at the MP2// EFP2, MP2(EFP1/DFT) optimized, and PCM+MP2/(EFP1/DFT water)//MP2/(EFP1/DFT water) 6-31++G(d,p) levels of theory, respectively. This small separation may suggest that the true Z minimum has not been found for n ) 24. The preferential stabilization of N24-1 relative to Z24-1 by MP2(EFP1/DFT) optimization occurs because MP2 causes tighter and stronger water-water binding. This is more important in the N structures than in the Z structures, given the strong ion-water interactions in the latter.
Alanine(H 2 O) 32 ( Figure 14) . The lowest energy 32-water N isomer, N32-1, does not appear to be fully solvated. However, with 32 waters in the system, it is possible to find structures, such as N32-4, that appear to be fully solvated, that is, completely surrounded by water molecules. At the highest level of theory, N32-4 is ∼15 kcal/mol above N32-1, so the fully solvated species is clearly not the lowest energy N isomer. This may be due to the resistance of the hydrocarbon moiety to aqueous solvation. The two lowest energy Z isomers, Z32-1 and Z32-2, are separated by only 2 kcal/mol and both are more fully solvated than the N species. The two lowest energy N isomers are 9.1 and 9.6 kcal/mol, respectively, higher in energy than Z32-1 at the highest level of theory. Boltzmann averaging of the alanine isomers at MP2(EFP1/DFT) and adding PCM yields a N-Z energy difference of 13.3 and 11.5 kcal/mol respectively. The experimental ∆H NfZ of glycine is 10.3 kcal/ mol. 66 The ∆H NfZ of alanine is expected to be similar to this value. This suggests that the solvation of alanine is not a In the first column, alanine is MP2 and water is EFP1/DFT at the EFP2 geometry. The second column uses the EFP2 geometry but with both the water and alanine calculated via MP2. The third column represents an optimization in which the alanine is treated as MP2 and the water as EFP1/DFT. The fourth column is a single point at the MP2(EFP1/DFT) optimized geometries but with both the water and alanine calculated via MP2. All energies are relative to the global minimum for each water n ) 1-8 at the respective level of theory.
TABLE 3: Impact of Electron Correlation on the Energies (kcal/mol) Relative to the Global Minimum for
converged at 32 waters and that addition of more waters is needed to converge the alanine ∆H NfZ for solvated N and Z forms.
Discussion
This study addresses the determination of the global minima for alanine as a function of the number of water molecules that are present in the system. The justification for using the EFP2 method to predict geometries is based upon favorable comparisons with MP2 calculations on alanine with 1-3 waters. EFP2 reproduces the MP2 structures, as well as the relative energies of N isomers (and separately, Z isomers) among themselves. Given the semiclassical nature of the EFP method, one cannot expect this method to provide accurate N vs Z relative energies. The agreement between EFP2 and MP2 optimizations generally continues for larger numbers of waters. However, there are cases for which the energy ordering changes upon MP2 optimization, because MP2 binds the waters more strongly to each other and to alanine. However, the identification of the Z and N minima is consistent with both EFP2 and MP2 optimizations, so employing the EFP2 method to determine preliminary geometries for low-lying structures is a good strategy.
Geometry optimization within a continuum solvent model has a negligible effect on the N alanine structure whereas there are significant effects on the Z structure, as has been reported previously. 17 Proper determination of Z structures in solution requires optimization in the presence of the solvent. This geometry effect decreases as the number of explicit waters increases. For example, with 32 waters present, the deviations from EFP2 structures are almost exclusively due to the changes in the water orientations. Optimization via MP2(EFP1/DFT) with single point calculations using PCM at these geometries simulates the effect of adding a bulk solvent around the alanine(H 2 O) complex. Table 3 presents the results of a series of MP2 calculations that illustrate the importance of including dynamic correlation on the relative energies. The change between columns one and two is derived from the treatment of the water as MP2. While this does change the Z-N relative energy, the qualitative trend is the same for both sets of calculations. In column three, the internal geometry of the alanine is allowed to relax in the optimization (recall that EFP internal structures are frozen). This relaxation does not alter the prediction of N or Z as the global minimum, but the Z-N relative energy no longer changes monotonically as the number of waters increases. In column four, the entire system is treated with MP2 at the MP2(EFP1/ DFT) geometries. The relative energies are very similar to those in column two and predicts a monotonic increase in the relative stability of Z versus N as the number of water molecules increases. This suggests once again the importance of electron correlation in predicting the relative energies of these species. Table 4 illustrates the changes in the energies relative to the global minimum as the level of theory is improved, for n ) 1-32 water molecules. The HF//EFP2 level of theory is improved upon in several ways: by adding electron correlation, by reoptimizing the geometry with the alanine treated by MP2, and by adding the continuum solvent. HF//EFP2 predicts that the Z form remains higher in energy than the N form until 16 waters are present. The addition of electron correlation with the alanine treated as DFT or MP2 predicts that seven waters are required for the Z form to become the global minimum. In all three of these cases, the addition of more water molecules systematically lowers the energy of the lowest-lying Z isomer relative to that of the lowest-lying N isomer. The behavior of this N-Z relative energy is not as monotonic when the structures are reoptimized with MP2 (EFP1/DFT); however, the overall trend (increasing relative stability of Z as the number of water molecules increases) is retained. Addition of PCM (last two columns in Table 4 ) greatly increases the relative stability of Z alanine at smaller numbers (2-3) of waters. Table 5 shows the change in the N-Z relative energy averaged over the energy difference between each N structure relative to each Z structure due to the addition of correlation a The first three columns are single point energies at the EFP2 optimized geometries. In the first column alanine is HF and water is EFP1/ HF. In the second (third) columns alanine is DFT (MP2), and water is EFP1/DFT. The fourth column presents optimized geometries with MP2/ 6-31++G(d,p) alanine and EFP1/DFT water. Columns five and six use the MP2(EFP1/DFT) geometries and add the continuum solvent model (PCM). In both columns, water is EFP1/DFT. found that electron correlation provided by MP2 stabilizes Z relative to N by 7-9 kcal/mol. As shown in Table 5 , using EFP2 structures the MP2 contribution to the N-Z energy difference decreases steadily with additional waters from 6.8 kcal/mol for one water to 2.5 kcal/mol for eight waters to 0.9 kcal/mol for 32 waters. The second column in Table 5 illustrates that the large effect of the continuum on the N-Z energy difference diminishes to essentially zero by the time 32 explicit water molecules are present. Binding Energies. Boltzmann averaged energies were calculated for each water cluster using the Boltzmann equation where X i is the calculated property (e.g., the energy) of the ith structure, corrected with the zero-point vibrational energy. ∆E i is calculated by taking the difference between the energy of the ith structure and the energy of the lowest energy structure for a given n; T ) 273 K. X n is the Boltzmann averaged value of X for all structures for a given number (n) of waters. The total binding energies (shown in Table 6 ) may then be calculated where ALA ) Alanine and n ) 0-32.
The differential binding energy is defined as the energy difference for the following process where n ) 0-8. The differential binding energies (Table 7) were calculated by taking the Boltzmann averaged energy for n waters and subtracting this from the sum of the Boltzmann averaged energy for n -1 waters plus the energy of one water molecule. The change in binding energies is of interest to study the convergence of the solvation shell.
The Boltzmann averaged differential binding energies, the energy associated with systematically adding one water, were obtained using the EFP2 Hessians for all levels of theory. A validation of this approach was carried out for the lowest energy conformers (N and Z) for 3-5 waters, by performing MP2 optimizations and Hessian calculations for the entire alanine + water system. On average, the relative energies obtained after adding the EFP2 zero point energy (ZPE) correction to the EFP2 relative energies are in agreement with the corresponding MP2 values to within ∼1 kcal/mol.
Total binding energies are shown in Table 6 . The addition of correlation energy generally increases the total binding energies. Both DFT and MP2 are in very good agreement with each other.
The differential binding energies shown in Table 7 fluctuate as the number of water molecules is increased. The N differential binding energy has large fluctuations until the addition of five waters. Subsequently, the fluctuations are small, ∼1 kcal/mol. The fluctuations for the Z isomer do not significantly decrease by eight waters. This fluctuation in differential binding energies has also been observed, both experimentally and computationally, for the systematic addition of water molecules to small anions. 66 The DFT and MP2 differential binding energies are in good agreement with each other.
Conclusions and Summary
The generalized effective fragment potential (EFP2) captures reasonably well the geometries of the fully ab initio alaninewater complexes, so the EFP2 method provides an efficient method for obtaining these structures, especially as the number 
of water molecules is increased. The EFP2 Z versus Z and N versus N relative energies agree well with those obtained with MP2(EFP1/DFT)//EFP. The relative energies of Z isomers versus N isomers are difficult for this method to capture, given the substantially different electron distributions of these two species.
Electron correlation is essential in order to correctly predict the relative energies of the lowest-energy N and Z isomers. Both DFT/B3LYP and MP2 provide substantial stabilization of Z alanine, especially for small numbers of explicit water molecules. Upon the addition of correlation corrections, the Z form becomes lower in energy at seven water molecules for both DFT/B3LYP and MP2 single points at EFP2 geometries. When the continuum solvent is included in the calculations, the Z species become lower in energy with the addition of just 2-3 water molecules. As the number of discrete water molecules increases, the importance of the continuum solvent on the energy difference between the N and Z forms decreases to nearly zero. With 16 or more waters present, a large portion of the longrange interactions with the bulk solvent are therefore being recovered.
The large number of low energy structures illustrates the importance of configurational sampling. So, many N and Z structures must be taken into account via statistical averaging if one is to calculate properties of even small clusters.
It is useful to compare the main findings presented here with those of previous researchers. Chuchev and BelBruno found (for clusters with 10 waters) a 6.6 and 5.2 kcal/mol heat of formation for the NfZ transition (∆H NfZ ) using DFT/B3LYP and MP2 single point energies, respectively, at the DFT geometries. 39 Kwon, Kim, and No 27 found ∆H NfZ of 25.0 and 25.6 kcal/mol for one and two waters, respectively, at the HF level of theory. Rzepa and Yi 14 found ∆H NfZ to be 9.1 and 5.6 kcal/mol for 7 and 15 waters, respectively, with PM3 83 calculations, and 14.8 and 1.0 kcal/mol for 7 and 15 waters, respectively, with the AM1 method. 84 These authors used a SCRF continuum model with the PM3 and AM1 semiempirical methods to obtain ∆H NfZ ) 7.4 and 2.9 kcal/mol, respectively. The global minimum MP2 [Boltzmann averaged MP2] ∆H NfZ predicted in this work for 32 waters (see Table 4 ) is 11.7 [12.6] kcal/mol, 10.1 [13.3] kcal/mol or 9.1 [11.5] kcal/mol using MP2(EFP1/DFT)//EFP2, MP2(EFP1/DFT), or PCM+MP2// MP2(EFP1/DFT), respectively. The experimental value of ∆H NfZ for glycine is 10.3 kcal/mol. 66 One would expect a similar value for alanine.
The first solvation shell first appears to begin forming in the Z form somewhere between 24 and 32 waters. When starting MC with a fully surrounded structure for 24 waters, the MC always found the waters clustered on the COOH/COO -and NH 2 /NH 3 + moieties of the N and Z alanine. With 32 waters, there are N structures found by MC that exhibit a solvated structure, including solvation of the methyl group laying 20-30 kcal/mol above the N minimum. Therefore the ∆H NfZ energies presented may not quantitatively capture the Z (aq) f N (aq) process, since the lowest energy N structures are only partially solvated.
The goal of finding a converged N-Z energy difference is not complete. The N to Z energy difference appears to be still increasing with additional waters. However, the ∆H NfZ for 32 waters is within a few kcal/mol of the glycine experimental value for methods including electron correlation. It is possible that convergence of the energy difference will coincide with the emergence of a fully solvated N species as the N minimum. Furthermore, MD calculations on alanine would allow for the prediction of the properties (dipole moment, diffusion coefficient, density, heat of vaporization) seen in solvated species, which may be of interest to those developing models for amino acids.
